The next challenge of wastewater treatment is to reliably remove micro-pollutants at the microgram per litre range in order to meet reuse applications and contribute to reach the good status of the water bodies. A hundred priority and relevant emerging substances were measured to evaluate at full-scale the removal efficiencies of seven advanced treatment lines (one membrane bioreactor process and six tertiary treatment lines) that were designed for reuse applications. To reliably compare the processes, specific procedures for micro-pollutants were applied for sampling, analysis and calculation of removal efficiencies. The membrane bioreactor process allowed to upgrade the removal efficiencies of about 20% of the substances measured, especially those that were partially degraded during conventional processes. Conventional tertiary processes like high rate clarification, sand filtration and polishing pond achieved significant removal for some micro-pollutants, especially for adsorbable substances. Advanced tertiary processes, like ozonation, activated carbon and reverse osmosis were all very efficient to complete the removal of polar pesticides and pharmaceuticals; metals and less polar substances were better retained by reverse osmosis.
INTRODUCTION
The enforcement of the circular cycle of water, with the increase of reuse applications for effluent of treatment plant, is becoming a necessity driven by severe and chronic water stress in many parts of the world. Due to health concerns, emphasis was put on preventing a break through of viruses, bacteria and parasites, as well as on the removal of inorganic and organic substances that are known to affect human health (e.g. pesticides). To meet these objectives, advanced technologies are implemented, like oxidation (ozone, UV radiation), adsorption (e.g. activated carbon), filtration with membrane (e.g. reverse osmosis); for irrigation applications, treated effluent from filtration membrane implemented in biological processes (membrane bioreactor (MBR)) can be used.
In parallel, regulations like the European Water Framework Directive, WFD (EC ), are focusing on different lists of organic micro-pollutants for which the release to the environment has to be reduced or stopped. Since the diffuse sources of pollution are more difficult to control and to treat than point sources like wastewater treatment plants operators (WWTPs), they will probably be strongly impacted by new legislations. However, conventional wastewater treatment plants are currently designed to remove macropollutants at the mg per litre range, so it becomes a great challenge to find reliable solutions to remove substances at the microgram or nanogram per litre level.
The fate of some organic contaminants during conventional activated sludge wastewater treatment has been already documented in the scientific literature ( There is a lack of data for betablockers and for some pesticides like glyphosate and α-amino-3-hydroxy-5-methylisoazol-4propionate (AMPA). For the other advanced processes, like filtration on activated carbon or reverse osmosis, little information is available concerning wastewater treatment.
Globally, it remains difficult to get a comprehensive and comparative view of the expected removal efficiencies of different advanced technologies for the removal of micropollutants in wastewater. The main reason is the variability of the evaluation methods: different performances for chemical analysis (e.g. limit of quantification, reliability), different sampling procedure (e.g. grab, composite flowproportional), different analysis types (dissolved phase only, dissolved þ particular phases) and different operating conditions of the processes, not always documented (e.g. dosage, filtration velocity, contact time, …).
The present work aims to assess the removal efficiencies of seven advanced treatment lines, providing associated concentrations in treated water for a hundred micro-pollutants. Sampling was carried out on six full-scale and two pilotscale plants treating domestic wastewater and covering the following processes:
-Advanced secondary process as MBR usually used to release the effluent in seawater or for irrigation application. -Conventional tertiary processes like high rate clarification, sand filtration or micro/ultra-filtration that are intended to remove phosphorus by suspended solids removal, but protect more advanced processes located downstream sensitive to suspended solids. A polishing pond was also studied to evaluate the contribution of photodegradation. -Advanced tertiary processes like ozone oxidation, filtration with activated carbon and reverse osmosis, usually used for production of drinking water.
A special care was taken to obtain extended information about the process operating conditions, and also to ensure the reliability of sampling and analysis procedures. This information should be of high interest for stakeholders of river basin management and reuse programs.
MATERIALS AND METHODS

Micro-pollutants studied
The list of the 33 priority pollutants of the WFD was considered in this study together with the eight additional pollutants for which an environmental quality standard (EQS) has been defined (EC ). Additional substances have been chosen according to their potential harmfulness and their reported occurrence in waters based on French national inventories on dangerous and priority pollutants (see Table 1 ). Pharmaceutical compounds (emerging substances) were chosen considering their consumption and their occurrence in wastewater and surface water (Miège et al. a; GWRC ) . A total of 127 micro-pollutants has been selected but only 100 were quantified at least once in treated wastewaters of activated sludge process ( 
Chemical analysis techniques
Various analytical methods were developed and applied to quantify the selected micro-pollutants (Table 2) . Volatile pollutants were analysed in raw samples. For others, the dissolved phases were analysed due to low suspended solids concentrations (<5 mg/L). Limits of quantification (LoQ) are provided for the dissolved phase.
The conventional parameters have also been analysed (total organic carbon, total nitrogen, total phosphorus) to determine if the operating conditions were correct.
Wastewater treatment plants selection and sampling
Seven WWTP of various sizes were studied (Table 3) , which included various types of treatment: one full-scale MBR; five full-scale conventional tertiary treatments, including high rate clarification, sand filtration or polishing pond; two advanced tertiary treatments at full-scale (ozonation and micro-filtration (MF) þ reverse osmosis (RO)) and two advanced tertiary treatments at pilot-scale (activated carbon filtration and silex filtration þ ultrafiltration þ RO). The upstream treatment stages achieved both carbon and nitrogen removal to meet regulatory requirements. Influent and effluents of the studied processes were collected under dry weather flow conditions during two successive 24 h or 2 h periods (see Table 3 ). Automatic refrigerated samplers (Buhler 5010), equipped with Teflon pipes and glass containers, were used. Strict procedures of cleaning, sampling and field blanks were carried out (US Geological Survey ; Choubert et al. ). An ISCO bubble flowmeter was used to measure the flow released when a Venturi canal was available at the facility.
Data processing
Mass balances were performed based on wastewater flow and micro-pollutant concentration data at the inlet and at the outlet of the studied processes. The removal efficiencies (R) were calculated with the following rules to obtain robust information:
-High and low levels of concentration were defined for each substance with respect to the LoQ. Low confidence level was for concentrations between LoQ and 2.5-5 times the LoQ (depending on the substance). High confidence level was for concentrations higher than 2.5-5 times the LoQ, depending on the substance. From analytical practice, at low confidence level, an analytical uncertainty in the range of 50-100% is a regular value for most substances whereas an analytical uncertainty below 30% is usual a high confidence level. -When both inlet and outlet concentrations were lower than the LoQ or within the low level, the removal efficiency value was not calculated. -When only one concentration, either inlet or outlet concentration, was lower than the LoQ, a value equal to half of the LoQ was adopted and the removal efficiency was calculated.
In addition to these criteria, removal efficiency data was displayed as a removal range (<30%, 30-70% and >70%), since the analytical uncertainty and the variability of the concentrations related to micro-pollutants in wastewater do not allow to certify precise values. Table 4 presents, for each micro-pollutant, the mean concentration (C) in the effluents of the six conventional secondary stages (activated sludge) upstream of the tertiary treatment lines studied, in the effluent of the MBR and in the effluent of each type of tertiary process (conventional and advanced). The removal efficiency ranges (R) of the tertiary processes are also presented. In addition, Table 5 summarises the numbers of substances quantified in effluents of these processes in order to achieve a better comparability.
RESULTS AND DISCUSSION
Efficiency of the MBR process
In the treated water of MBR process, the concentrations were below the LoQ for 69 micro-pollutants (39 were non quantified for low load activated sludge (AS)) as shown in Table 5 ; 30 micro-pollutants were measured at concentrations higher than 0.1 µg/L, instead of 48 micro-pollutants for the effluents of AS; and 13 micropollutants were measured at concentrations higher than 1 µg/L like DEHP, some metals and two pharmaceuticals (sotalol, carbamazepine) (23 for AS). Compared to the effluent of AS, lower concentrations were measured for adsorbable micro-pollutants like decabromodiphenylether, Pb, Hg, 4-NP. These trends suggest a higher level of micro-pollutant retention with MBR compared to AS process. In addition, removal efficiencies at the MBR plant were calculated and compared to the mean removal efficiencies | Continued from six low load activated sludge plants, obtained with the same methodology for sampling, analysis and data processing (Martin Ruel et al. submitted) . For 18 substances, removal efficiencies of the MBR were significantly higher than individual values obtained with the AS plants (more than 20% difference compared to the mean values of AS or above the upper limit of the confidence interval). This suggests a potential improvement of removal efficiency for specific compounds that should be confirmed by other studies. The substances concerned are trichloromethane, naphthalene, chlorpyrifos, AMPA, diuron, sulfamethoxazole, ibuprofen, alprazolam, amitriptyline, and several betablockers (Figure 1 ). Some studies have already shown higher removal for MBR for a limited selection of micro-pollutants (Kimura But at almost similar SRT as AS, and with a 20% higher sludge concentration (5 g mixed liquor total suspended solids/L in MBR instead of 2-4 g/L in AS), the specific bacterial population and the presence of exopolysaccharides in the biological tank of the MBR process may favour adsorption and biodegradation processes.
Efficiency of conventional tertiary processes
When applying high rate clarification or sand filter to a secondary effluent, the number of quantified micro-pollutants was only slightly reduced from 88 to 81-84 micro-pollutants in the effluents (depending on the plant). The number of quantified micro-pollutants was reduced from 60 to 54 between the inlet and the outlet of the polishing pond (this process was located in a rural area where less micro-pollutants were quantified). Depending on the process, 35 to 49 micro-pollutants are still present at concentration levels >0.1 µg/L. Between 16 and 19 micro-pollutants were quantified at concentrations higher than 1 µg/L. Three priority pollutants were found at concentrations exceeding the EQS in tertiary treated water (DEHP, 4-NP, chlorpyrifos), which could be a matter of concern when the flow of the receiving body is very low. Differences of removal efficiencies have been measured between the studied conventional tertiary treatment processes. With fast settling tank, removal efficiencies higher than 70% were measured for two metals (Ag and Al), while 30-70% removal was calculated for several metals (Zn, Ti, Cr, Pb, Cd and Hg), organic compounds (glyphosate, diclofenac, naproxen, aspirin, gemfibrozil and dichlorophenols) and VOCs (tetrachloroethylene, dichloromethane). Removal efficiencies below 30% were measured for all other micro-pollutants, in particular for pharmaceuticals and for polar pesticides. For priority pollutants, similar results were recently shown for one fast chemical settler (Gasperi et al. ) . Through the sand filtration stage, a removal efficiency between 30-70% was measured for alkylphenols (4-NP, 4-t-OP and ethoxylates), glyphosate/AMPA and some betablockers, whereas high rate clarification had removal efficiencies below 30% for these substances. With the polishing pond process, removal efficencies lower than 30% were measured for most micro-pollutants except for some compounds like DEHP, paracetamol, roxithromicin and some betablockers (with removal efficiency higher than 70%); and bisoprolol, nadolol, sotalol, naproxen, diclofenac, salbutamol and fluoxetine, that were removed with removal efficiencies between 30 and 70%. In this case, photodegradation and high hydraulic retention time could be the main removal factors.
Efficiency of advanced tertiary processes
The number of quantified micro-pollutants in the effluent of tertiary treatment was reduced from 88 to 42-61 depending on the process. As many as 13 micro-pollutants were never quantified in the effluents of all types of advanced tertiary treatments: chlorobenzene, di-chlorophenols, tetra-chlorophenols, bromophenols, dibromophenols, naphthalene, trichlorobenzene, hexachlorocyclohexane, pesticides (chlorpyrifos, dieldrin), pharmaceuticals (doxepine) and hormones (17β-oestradiol, ethinyl-estradiol). Depending on the process, 22 to 27 micro-pollutants were relevant (concentration levels >0.1 µg/L), that is 50% less than for AS. Eight to 16 micro-pollutants were quantified with concentrations higher than 1 µg/L. Only DEHP was found at concentrations close to the EQS.
Removal efficiencies higher than 70% were measured for 40-45 micro-pollutants for reverse osmosis and activated carbon filtration. For ozonation, due to low efficiencies of treatment on metals, 31 micro-pollutants were removed at R > 70%. Ozone oxidation allowed high removal for DEHP (75%) with double bonds accessible to ozone and hydroxyl radicals, but was not efficient for metals or alkylphenols, confirming previous studies (Nakada et al. ; Schaar et al. ) . Reverse osmosis led to the retention of an extended range of micro-pollutants (especially metals and VOCs). DEHP was not retained by reverse osmosis or activated carbon filtration in this study. However, these results should be considered with care since the concentration levels of DEHP in tertiary processes were close to the analytical blanks. Except for metals and VOCs, the activated carbon filtration proved to retain a comparable number of micro-pollutants to reverse osmosis, but with slightly lower removal efficiencies. With the activated carbon filtration AMPA was well removed.
For all of these treatments, several pesticides (diuron, simazine, glyphosate) were removed with efficiencies higher than 90%, and almost 100% for most pharmaceuticals (including refractory betablockers).
CONCLUSIONS
From on-site investigations carried out on seven wastewater treatment plants, the removal efficiencies of conventional and advanced tertiary processes have been assessed for 100 micro-pollutants quantified in secondary effluents.
-Ultrafiltration membrane in biological processes (MBR) could improve removal efficiency for some micro-pollutants in addition to disinfection capacities and suspended solids retention. This is an additional advantage when reuse of wastewater is expected. -Conventional tertiary processes like fast tertiary settling and sand filtration can already achieve significant (30-70%) removal for adsorbable micro-pollutants and could therefore be considered as a first complement to the activated sludge process. -Advanced tertiary processes, like ozone oxidation, activated carbon filtration and reverse osmosis filtration, are efficient to complete the removal of polar pesticides and pharmaceuticals. Reverse osmosis provides a removal of a wider range of micro-pollutants, including metals and less polar organic micro-pollutants, that were not retained by other processes. However, it is also the most expensive technology and the fate of the concentrate should be mastered to get a sustainable process. Ozone oxidation is the less expensive technology but the fate and toxicity of by-products still remains an issue to be investigated. Activated carbon filtration appears as an interesting alternative, but the reliability and the life duration of adsorbing material needs to be further investigated.
The choice of the most appropriate technology should be made by matching the affordable cost in relation to water quality objectives, either to preserve the receiving water bodies or to secure the reuse of treated wastewater.
